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Demethylase FTO promotes neuropathic pain development via
regulating the m6A methylation levels of CXCR3
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Objective: Neuropathic pain (NPP) is an indirect or direct
pain caused by somatic sensory nervous system dysfunc-
tion or primary injury, which is considered to be one
of the most serious public health problems. This study
aimed to investigate the role of adiposity-associated
protein (FTO) in NPP. Materials and Methods: Sciatic
nerve injury (SNI) treatment was performed to establish
an NPP model in vivo. The gRT-PCR and western blot as-
says were conducted to measure the relative mRNA and
protein expressions. Additionally, the paw withdrawal
threshold (PWT) and paw withdrawal latency (PWL) of
the mice were measured on days 0, 1, 3, 5, 7, and 14.
The m6A level of CXCR3 was determined with Methyl-
ated RNA immunoprecipitation (MeRIP) assay and the
inflammatory factor expressions were determined with
Elisa kits. Results and Discussion: The FTO and CXCR3
expressions were up-regulated and the METTL14 ex-
pression was down-regulated in SNI mice. FTO-silenced
increased the m6A and decreased the mRNA levels of
CXCR3 in SNI mice. Furthermore, FTO-silenced decreased
the mRNA stability of the CXCR3. Besides, in the SNI
mice, FTO-silenced increased the PWL and PWT, and
decreased the TNF-a, IL-1B, and IL-6 levels. While over-
expressed CXCR3 inverted the FTO-silenced effects. Con-
clusions: Knockdown of FTO relieved the NPP progres-
sion via triggering the demethylation of CXCR3, thereby
down-regulating the CXCR3 expression.
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INTRODUCTION

Neuropathic pain (NPP) is an indirect or direct pain
caused by somatic sensory nervous system dysfunc-
tion or primary injury, which is considered to be one
of the most serious public health problems (Saffarpour
& Nasirinezhad, 2017; Vincenzetti ef al., 2019). NPP is
secondary to various types of clinical diseases such as
trauma, stroke, infection, diabetes, multiple sclerosis and
cancer (Alles ez al., 2018; Jensen e al., 2011). At present,
most treatments for NPP can only alleviate symptoms,
but can not cure them completely (Wang ez al, 2017,
Xie et al., 2017). The main reason is that the molecular
mechanism of the development of NPP is still unclear.
Although there are therapeutic drugs for different mech-

anisms in clinic, the efficacy is limited and the side ef-
fects are obvious (Finnerup e# al, 2020). In recent years,
neuroinflammation has been shown to be closely related
to the development and progression of NPP (Ellis &
Bennett, 2013; Yadav & Weng, 2017; Zhou ez al., 2019).
Therefore, an in-depth understanding of the basic mo-
lecular mechanism of neuroinflammation is of great sig-
nificance to explore new and more effective treatments
to alleviate NPP.

Accumulating evidence showed that inflamma-
tory mediators, including proinflaimmatory cytokines,
chemokines and growth factors, play an important
role in the sensitization of peripheral and central neu-
rons (Ji et al, 2016; Jiang et al, 2017). Chemokines
are a special class of cytokines, which are composed
of more than 50 members. According to the struc-
ture, chemokines are divided into CC, CXC, CX3C
and XC. Chemokine receptors are divided into CCR,
CXCR, CX3CR and XCR, with about 20 members
(Miller & Mayo, 2017; Vilgelm & Richmond, 2019).
The classic function of chemokines is to regulate leu-
kocyte infiltration in inflaimmatory and immune dis-
eases by forming a concentration gradient soluble or
fixed in the matrix (Legler & Thelen, 2016). CXCR3
is associated with a variety of human diseases, includ-
ing chronic inflammation, immune dysfunction, cancer
metastasis and pruritus (Szentes ef a/., 2018, Tokunaga
et al., 2018). In dorsal root ganglion, CXCR3 was ex-
pressed in neurons and continuously enhanced after
sciatic nerve injury (SNI) (Chen e al., 2019). Further-
more, CXCR3 is also up-regulated in neurons after
SNI of the spinal cord, spinal nerve ligation or sciatic
nerve (Jiang ez al., 2017). However, the specific mech-
anism of CXCR3 in NPP remains unclear.

Epigenetics refers to the regulation of gene expres-
sion and stable inheritance through the interaction be-
tween genome and environment without changing the
DNA sequence, mainly including DNA methylation,
histone modification, chromatin remodeling, RNA
modification and so on (Cabej, 2019). 6-methyladenine
(mO6A) refers to the methylation of the sixth nitrogen
atom of adenine. It is a common apparent modifica-
tion in mammalian mRNA (He ez 4/, 2019), account-
ing for 0.1% ~ 0.4% of all adenosine modifications
(Fu et al, 2014). Previous research suggested NPP
may be partly due to the maladjustment of RNA m6A
modification of pain-related genes induced by methyl-
transferase/demethylase (Albik & Tao, 2021; Li ¢ al,
2020). Adiposity-associated protein (FTO) is the first
identified m6A demethylase, which can eliminate m6A
modification of mRNA. Ma ¢ al. (Ma et al, 2021)
demonstrated spinal nerve ligation promoted the FTO
binding to the matrix metallopeptidase 24 mRNA,


mailto:zhaoqiucheng@hotmail.com
https://doi.org/10.18388/abp.2017_

820 S. F. Wu and others

2022

which ultimately led to the NPP genesis. Therefore,
in the current study, we suspected that FTO may play
an important role in the progress of NPP via regulat-
ing the mOA methylation levels of CXCR3 in NPP.
Our research provided a novel therapeutic target for
the treatment of NPP.

MATERIALS AND METHODS

SNI model preparation and grouping

The C57BL/6 mice (22£2.23 g, 6-week-old) were
obtained from the Experimental Animal Center of
Guangzhou University of Traditional Chinese Medi-
cine. Then the mice were divided into Sham group
and SNI group. The SNI model establishment was
performed according to a previous study (Wang &
Liu, 2021), the mice were fixed after deep anesthesia
(intraperitoneally injecting 50 mg/kg sodium pentobar-
bital), and the sciatic nerve trunk was fully exposed.
Four ligations were performed with 4-0 silk thread,
with an average interval of 1~2 mm. The degree of
ligation should be mild nerve collapse. The mice in
the Sham group only exposed the sciatic nerve with-
out ligation.

Lentiviral vector production

The recombinant lentivirus containing FTO shRNA
(LV-sh-FTO), CXCR3 overexpressed vector (LV-CX-
CR3) or their negative controls (LV-sh-nc and LV-nc)
was packaged with pGCSIL-GFP vector provided by
GeneChem (Shanghai, China). All vectors were inject-
ed into the mice through the intrathecal catheter.

Behavioral determination

The paw withdrawal threshold (PWT) and paw
withdrawal latency (PWL) of the mice were meas-
ured on days 0, 1, 3, 5, 7, and 14. The mice prepared
for the test were placed in plexiglass cages with met-
al grids and the environment was kept quiet. After
adapting to the environment for 30 minutes, the left
plantar of the mice were stimulated with a series of
von Frey filament with logarithmical incremental stiff-
ness (0.016~1g). Then the maximum vertical pressure
before foot retraction was recorded, which is the PWT
of mice. The stimulation was repeated for 3 times
with an interval of more than 10 s, and the mean
value was taken as PWT. Additionally, the left plantar
of mice was irradiated with BME-410A thermal radia-
tion stimulator. Then the time from the beginning of
irradiation to the occurrence of the foot contraction
reaction was recorded, which is the PWL of rats. The
stimulation was repeated 3 times with an interval of 5
min, and the mean value was taken as PWL. In addi-
tion, the number of times the mice shook, lifted, or
licked their paws in 1 minute was recorded, which is
the frequency of rats. After the behavioral determina-
tion, the mice in each group were sacrificed after in-
traperitoneally injected with 10% chloral hydrate, and
the dorsal spinal samples were removed rapidly and
stored at —80°C for further experiments.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

The RNA was separated from the dorsal spinal sam-
ples with TRIzol (Invitrogen, CA, USA). The reverse

transcription was performed with Hifairt® V Reverse
Transcriptase Kit (YEASEN, Shanghai, China). Then
the qRT-PCR was performed on the QuantStudio 6 Flex
Realtime PCR 163 System with a 2XHieff"PCR Master
Mix kits provided by YEASEN Biotechnology Co., Ltd.
The reaction system was as follows: 21 pul. cDNA, 2 uL
Upstream primer, 2 pL. downstream primer and 25 pL
H,O. The reaction conditions: 94°C for 5 min; 94°C for
30s, 50°C for 30 s, 72°C for 30 s, 35 cycles; 72°C for
10 min; stored at 4°C. The primers were synthesized by
Tsingke Biotechnology Co., Ltd. (Beijing, China). The
results were calculated with 2-44¢t method using GAPDH
as a control.

Western blot

The dorsal spinal samples were lysed with RIPA
buffer (Beyotime, Nantong, China) to separate the to-
tal protein. All proteins were measured with BCA Kkits
(Beyotime) to calculate the concentrations. Next, the
10% SDS-PAGE was carried out and the proteins wete
transferred onto the polyvinylidene fluoride (PVDF)
membrane at 300 mA. After blocking with 5% fe-
tal bovine serum for 2 h, the membranes were im-
mersed in the antibodies for 12 h (anti-FTO, dilution:
1:600; anti-METTL3, dilution: 1:800; anti-METTL14,
dilution: 1:1200; anti-ALKBHS5, dilution: 1:1000; anti-
WTAP, dilution: 1:1000; anti-YTHDF2, dilution: 1:800;
CXCR3, dilution: 1:1200; Abcam, USA). The next day,
the members were washed and incubated with the sec-
ond antibody (horseradish peroxidase-conjugated, dilu-
tion: 1:6000). The protein expression was detected using
ECL chemiluminescent substrate system (Beyotime). We
measured the band intensity using Image ] software and
then calculated the protein expressions normalized to the
loading control GAPDH.

Enzyme-linked immunosorbent assay (ELISA)

The levels of Interleukin 18 (IL-1p), tumor necrosis
factor o (TNF-u), IL-6 and IL-10 in the dorsal spinal
samples were determined by ELISA kits (SenBeiJia Bio-
logical Technology Co., Ltd., Nanjing, China). All opera-
tions shall strictly comply with the instructions of the
kits. The absorbance values were measured at 450 nm.

Methylated RNA immunoprecipitation (MeRIP) assay

The mOA levels of CXCR3 were measured with a
Magna MeRIP™ mGA kit (Cloud-seq Biotechnology Co.,
Ltd, Shanghai, China). Briefly, 30 pg RNA was incubat-
ed with the MeRIP reagent. Magna ChIP protein A/G
Magnetic Beads were resuspended and incubated with
anti-mOA as well as anti-IgG antibodies for 12 h at 4°C.
Finally, the magnetic beads were collected, and the RNA
level was analyzed by qRT-PCR.

Statistics

SPSS 22.0 (IBM, SPSS, USA) was selected for statisti-
cal analysis. Data in this study were expressed as mean
+8.D. (n=06). The significance analysis between the two
groups was analyzed with Student’s ~test and one-way
ANOVA was performed for multiple groups. P<0.05 in-
dicated a significant difference.
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Figure 1. SNI induced the pain hypersensitivity of the mice and
modulated the FTO and METTL14 expressions.

(A-C) SNI treatment increased the frequency and decreased the
PWL and PWT. (D-E) The expressions of FTO were measured at
the mRNA and protein levels by qRT-PCR and western blot assays.
(F) The protein expressions of METTL3, METTL15, ALKBH5, WTAP
and YTHDF2 were measured by western blot. *P<0.05, **P<0.01.
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RESULTS

SNI induced the pain hypersensitivity of the mice and
modulated the FTO and METTL14 expressions

After SNI stimulation, the frequency of the mice
shaking, lifting, or licking their paws in 1 minute was
dramatically increased, while the PWL and PWT were
dramatically decreased in the SNI group on days 1, 3, 5,
7, and 14 (Fig. 1A—C). The qRT-PCR and western blot
results indicated that the FT'O was remarkably up-regu-
lated on days 3, 7, and 14 at both mRNA and protein
levels (Fig. 1D-E). Additionally, the protein expressions
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Figure 2. FTO-silenced relieved the pain hypersensitivity of the
mice.

(A) The FTO expression was determined after Lv-sh-FTO transfec-
tion. (B-D) FTO-silenced decreased the frequency and increased
the PWL and PWT of the SNI mice. **P<0.01 vs Sham group.
##P<0.01 vs SNI+Lv-sh-nc group.
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Figure 3. FTO-silenced decreased the IL-1B, TNF-a and IL-6 lev-
els.

The levels of IL-13, TNF-a, IL-6 and IL-10 were determined with
Elisa (A) and gRT-PCR (B) assays. **P<0.01 vs Sham group. *#P<0.01
vs SNI+Lv-sh-nc group.

of METTL14 were remarkably down-regulated on days
3,7, and 14 (Fig. 1F).

FTO-silenced relieved the pain hypersensitivity of the
mice

Next, we verified the Lv-sh-FTO effect and found
that Lv-sh-FTO dramatically decreased the FTO expres-

sions (Fig. 2A). Furthermore, Lv-sh-FT'O dramatically
decreased the frequency of the mice shaking, lifting, or
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Figure 4. CXCR3 exhibited a low level in SNI mice.

(A) The mRNA expressions of CX3CR1, CCR2, CXCR2, CXCR3,
CXCR4 and CXCR5 were detected by gRT-PCR after Lv-sh-FTO
transfection. (B) The CXCR3 levels in the SNI mice were deter-
mined by qRT-PCR. *P<0.05. **P<0.01. ***P<0.001.
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Figure 5. FTO modulated the mRNA stability of CXCR3.

(A) The relative m6A levels of CXCR3 was measured after Lv-sh-
FTO transfection by MeRIP. (B) The expression of mature or pre-
cursor mRNA of CXCR3 after Lv-sh-FTO transfection by qRT-PCR.
(C-D) The mRNA and protein stability of the CXCR3 were analyzed
after Lv-sh-FTO transfection by qRT-PCR and western blot.
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Figure 6. Overexpressed CXCR3 inverted the role of FTO-si-
lenced in SNI mice.

(A) The CXCR3 expression was detected after Lv-CXCR3 transfec-
tion. (B-D) Over-expressed CXCR3 inverted the effects of Lv-sh-
FTO on the frequency and the PWL and PWT of the SNI mice.
**P<0.01 vs Sham group. #P<0.05, #P<0.01 vs SNI+Lv-sh-FTO+Lv-
nc group.

licking their paws in 1 minute, and increased the PWL
and PWT of the SNI mice on days 3, 7, 14 (Fig. 2B-D).

FTO-silenced decreased the IL-1, TNF-a and IL-6 levels

SNI treatment dramatically increased the IL-18,
TNF-o and 11-6 levels of the mice. While FTO-silenced
dramatically decreased the IL-18, TNF-a and IL-6 levels
of the SNI mice (Fig. 3A). Besides, the results of the
qRT-PCR were consistent with it (Fig. 3B).

CXCR3 exhibited a low level in SNI mice

After Lv-sh-FTO treatment, the CCR2, CSCR2 and
CXCR3 expressions were remarkably decreased, among
which the CXCR3 expression was the lowest (Fig. 4A).
Then, we further found that CXCR3 expression was dra-
matically up-regulated in the SNI mice on days 3, 7, and
14 (Fig. 4B).

FTO modulated the mRNA stability of CXCR3

The results of m6A RNA-RIP-qPCR showed that
Lv-nc-FTO dramatically increased the moO6A levels of
CXCR3 (Fig. 5A). Furthermore, FTO-silenced also sig-
nificantly decreased the mRNA expression of CXCR3
and exhibited no effect on the expression of precursor
mRNA of CXCR3 (Fig. 5B). Besides, the mRNA stabil-
ity of CXCR3 in the Lv-sh-FTO group was greater than
that in the Lv-sh-nc group (Fig. 5C), while FTO-silenced
exhibited no effect on the protein stability of CXCR3
(Fig. 5D).

Overexpressed CXCR3 inverted the role of FTO-silenced
in SNI mice

Subsequently, we verified the Lv-CXCR3 effect and
found that Lv-CXCR3 dramatically increased the CXCR3
expressions (Fig. 6A). What is more, we confirmed that
overexpressed CXCR3 dramatically increased the fre-
quency of the mice shaking, lifting, or licking their paws

Figure 7. Overexpressed CXCR3 increased the IL-1B, TNF-a and
IL-6 levels.

The levels of IL-1B, TNF-a and IL-6 were determined with Elisa
(A) and gRT-PCR (B) assays. **P<0.01 vs Sham group. #P<0.01 vs
SNI+Lv-sh-FTO+Lv-nc group.

in 1 minute, and decreased the PWL and PWT of the
SNI mice on days 3, 7, and 14 (Fig. 6B-D).

Overexpressed CXCR3 increased the IL-1B, TNF-a and
IL-6 levels

Finally, we found that overexpressed CXCR3 dramati-
cally increased the IL-18, TNF-o and IL-6 levels com-
pared with the SNI+Lv-sh-FTO+Lv-nc group (Fig. 7A),
which was consistent with the results of qRT-PCR (Fig.
7B).

DISCUSSION

Our research demonstrated that demethylase FTO was
up-regulated and methylase METTL14 was down-regu-
lated in the SNI mice. Meanwhile, CXCR3 was also up-
regulated. Knockdown of FTO hindered the mRNA ex-
pression and mOA levels of CXCR3, and over-expressed
CXCR3 antagonized the Lv-sh-FTO effects in SNI mice.

NPP caused by SNI of the sciatic nerve is related to
an excessive inflammatory response of the nervous sys-
tem. The production of a large number of inflammato-
ry factors may lead to the occurrence and maintenance
of persistent pain (Ellis & Bennett, 2013; Zheng e# al,
2019). The release of proinflammatory cytokines (IL-6,
TNF-o and IL-1p) is closely related to the pathogenesis
of NPP (Lu et al., 2014). A previous study showed that
the overexpression of IL-6 in dorsal root ganglion neu-
rons induced by calpain-2 can lead to NPP after motor
nerve injury (Zang e/ al., 2015). 1L-1B, as an endogenous
ligand of the IL-1 receptor, is a powerful proinflamma-
tory cytokine, which contributes to the development of
hyperalgesia and peripheral and central sensitization (Liu
et al., 2017). In addition, the nuclear factor xB (NF-xB)
signal pathway was activated by 11.-1B, leading to the
mobilization of neuronal calcium, stimulation of TNF-o
as well as other pro-inflammatory mediators (Agalave
et al., 2014). Many studies demonstrated that after SNI
treatment, a severe inflaimmatory reaction occurred in
mice (Cai e al, 2020; Zhang et al., 2020). Additionally,
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aberrantly expressed FTO was confirmed to induce in-
flammation in various diseases (Hu e af, 2019; Yu ez al,
2021). In the current study, we found FTO was up-reg-
ulated in SNI mice, and FTO-silenced relieved the pain
hypersensitivity and inflammation of the SNI mice. Our
results were similar to those reported by i and others
(Li et al, 2020), who indicated that inhibiting the in-
crease of FTO induced by nerve injury relieved the NPP
progressions. All these findings implied that FTO might
play a key role in NPP.

Subsequently, we explored the specific mechanism
of FTO in SNI mice. As the first identified m6A de-
methylase, FTO was reported to be involved in vari-
ous cancers by regulating the mG6A methylation level of
a series of genes. For instance, Li and others (Li ¢/ al,
2019) confirmed that abnormally expressed FTO pro-
moted the malignant behavior of hepatocellular carci-
noma cells via triggering the demethylation of PKM2. In
lung cancer, FTO induced the proliferation of non-small
cell lung cancer cells by decreasing the m6A methylation
level and increasing the mRNA expression of ubiquitin-
specific protease (Li e7 al, 2019). Except for cancers, ex-
isting studies have shown that FTO may be closely re-
lated to the lesions of neurodegenerative diseases (Li ez
al., 2018) and cardiovascular disease (Mathiyalagan ez al,
2019). However, the reports on the specific mechanism
of FTO in NPP progression were limited. In this study,
we demonstrated that FTO regulated NPP progression
by decreasing the m6A methylation level and increasing
the mRNA expression of CXCR3 in SNI mice. The re-
sults of molecular biology clinical research showed that
CXCR3 belongs to the G protein-coupled receptor su-
perfamily. It is a snake-shaped transmembrane glycopro-
tein with only one peptide chain structure, and located
on the human Xp13 chromosome (Koper et al, 2018;
Tokunaga et al., 2018). In the NPP model, the expres-
sion level of CXCR3 in the spinal cord usually increased
and CXCR3 is a key receptor involved in the mechanism
of NPP. Study have exhibited that CXCR3 knockout
mice had a high tolerance to SNI-induced NPP. And the
occurrence time of mechanical pain sensitivity will be
delayed (Li ez al, 2021). In addition, there is increasing
evidence that proinflammatory factors and chemokines
can be synthesized and secreted by spinal cord neurons
and dorsal root ganglion (He e al., 2020). In the current
study, after SNI treatment, the CXCR3 levels were dra-
matically up-regulated. Knockdown of FTO up-regulated
the mOA levels and down-regulated the mRNA expres-
sion and stability of CXCR3. Besides, over-expressed
CXCR3 inverted the effects of Lv-sh-FTO on the pain
hypersensitivity and inflammation of the SNI mice.
These results further indicated that FTO aggravated
the NPP progression via triggering the demethylation of
CXCR3

In conclusion, we demonstrated that CXCR3 can be
activated via triggering the demethylation by FTO. FTO-
silenced relieved the NPP progression by down-regulat-
ing the CXCR3 expressions.
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